We investigate an interdigitated nanograting structure on a GaAs substrate for plasmonic metal-semiconductormetal photodetector applications. This computational work has studied the effects that the taper angle of the nanograting sidewall and the light wave angle of incidence have on the optical and current enhancements in the device. The study, involving two types of taper angle structures-positive and negative-showed that both taper angle directions can generate more optical and electrical enhancements than perfectly vertical wall structures for light incident at both the Brewster angle and the normal incident angle. The enhanced electric field value at the optimum positive taper angle is ∼22% and ∼120% greater than the negative taper angle and vertical wall structure, respectively. In addition, the total weighted optical enhancement value for the optimal positive taper angle structure is ∼65% and ∼120% greater than the optimal negative taper angle and vertical wall structure, respectively. This work demonstrates that the increased enhancements are due to the nanoscale focusing of light and impedance matching. The incident wave angle along with the taper angle can significantly promote these enhancements, especially at the Brewster angle.
INTRODUCTION
Plasmonic metal-semiconductor-metal photodetectors (MSM PDs) are photo-sensing devices that convert light into electrical signals. In this work, we have designed an advanced MSM PD with interdigitated nanofingers separated by nanoslits that are connected to a bias voltage. In the plasmonic device, light strongly interacts with the metallic nanostructures electrodes and generates plasmons. These localized oscillations of electrons play a central role in electric field enhancement (increased local electric field), thereby improving the performance of the device. In addition, the structure periodicity, surrounding media, angle and frequency of the incident wave, and structure sidewall angle can also promote stronger plasmonic effects. Previous studies that look at fixed tapered angle nanoslit gratings have studied optical enhancement as a function of incident light frequency [1] [2] [3] [4] [5] , periodicity [6] , wire thickness [7, 8] , and incident wave angle [5, 7] . These studies typically used different electromagnetic frequencies, which means different permittivity values.
Depending on the factors mentioned above, RayleighWood anomalies [9] [10] [11] [12] [13] [14] , Fabry-Perot interference [15, 16] , surface plasmon polaritons [17, 18] , nanofocusing [7, 8] , and impedance matching resonance effects [2, 3, [19] [20] [21] ] may occur, separately or together, when considering metal-dielectric nanograting structures. Each phenomenon has conditions that may be applied to obtain a resonance, an optimal structure for the promotion of each effect. For example, Rayleigh-Wood anomalies, which mainly depend on the incident wavelength and periodicity, follow the diffraction grating equation [9] . Moreover, the impedance matching mechanism very weakly depends on the incident wavelength and metallic wire thickness; however, it strongly depends on the incident wave angle [2] .
In this work we fixed the incident wavelength and base geometry of the nanograting structures, and we swept the taper and incident wave propagation angles. Furthermore, a correlation called the total weighted optical enhancement G was established using the enhanced electric field E and the current density J in the substrate. This value gives an approximation of overall device performance by uniting plasmonic enhancement and current density to approximate photocurrent production efficiency [22] .
The aim of this paper was to study the effects of the taper and incident light angles on optical and electrical enhancements for plasmonic MSM PDs using single-wavelength detection. The results herein have the potential to be very helpful for the design of photodetection [23] [24] [25] [26] [27] , photovoltaic [28] [29] [30] , and optical sensing devices [31, 32] .
METHODS
Figure 1(a) shows the proposed device with gold nanoelectrodes. The plasmonic electrodes have a 15-nm thickness, t, and 160-nm width, w, since this width was the optimal width for similar structures as determined in Ref. [22] . During simulations, the nanoslit width, g, was fixed at 5 nm, and the incident wavelength, λ, was fixed at 875 nm, which is near the bandgap of the GaAs substrate [33, 34] . Fabricating structures with a sub-10-nm gap are possible using a self-aligned [35] or nanomasking technique [36] .
The simulated incident ray with p-polarization, the wave number (k 0 ), and the bias voltage (V b 5 V) are indicated in Fig. 1(a) . The cross-section of one period, P 2w 2g, with vertical walls and a taper angle of zero, is shown in Fig. 1(b) . One period was considered as two wires and two gaps because the applied bias voltage causing current to flow through the device requires two electrodes. Figure 1(c) shows the same period as in Fig. 1(b) , but with the positive taper angle (θ > 0). We fixed the gap width, the minimum distance between the structures, at 5 nm and increased the distance between the top or bottom of the structures to create nonzero taper angles θ. Thus, a range of taper angles (or sidewall angles from normal) was simulated. Figure 1(d) shows the negative taper angle structure (θ < 0). For all designs in Figs. 1(b)-1(d), the top edges were rounded with a radius of 3 nm. The bottom electrode surfaces, the GaAs-Au interface, in Fig. 1(c) and the top electrode surfaces, the Air-Au interface, in Fig. 1(d) were fixed at 160 nm.
A finite element method (FEM) software package was used to calculate the electric field distribution and optical enhancement using experimentally derived optical properties of the nanostructures [37, 38] . A second FEM model, using the same geometry, calculated the current density in the device substrate [39] . The results of these two models were then used to calculate the total weighted optical enhancement as explained in detail in Ref. [22] . The optical enhancement is defined as the maximum ratio of the local enhanced electric field in the substrate, jE local j, to the incident electric field, jE 0 j, all squared-proportional to the irradiance [9] . We applied these equations to calculate the total weighted optical enhancement, G, for the proposed structure illustrated in Fig. 1 . We used Eq. (1) to calculate the weighted optical enhancement for one period (G Λ ), since changes in optical intensity enhancement that occur in regions of higher current density will have a greater effect on increasing the overall device photocurrent. Next, Eq. (2) calculated G for the entire simulated device's active area (10 μm × 10 μm). The active area is defined as the area of the substrate covered by the nanostructures [22] . These equations are given by
where E ij and J ij are the enhanced electric field and current density at each individual mesh point in the x-y plane, respectively, and W tot is the total width of the proposed device's active area [22] . at θ 25°and −4°for light incident at the Brewster angle (α B ) and normal incidence (α ⊥ ), respectively. The Brewster angle for bulk gold is ∼71.221°, at which a minimum reflection value was recorded [37, 38] . The enhanced electric field in the substrate at θ 25°, Fig. 2 (a), is larger than that at θ −4°, Fig. 2 (c). In addition, the current density distributions, shown in Figs. 2(b) and 2(d), show slightly larger regions of significant current density at θ 25°than that at θ −4°. This is because the width between the bases of the electrodes at the GaAs-air interface is exactly 5 nm for all positive angles. For negative angles, this width is always greater than 5 nm. The smaller widths lead to slightly larger current densities. The blue, dashed, vertical line indicates the Brewster angle (α B ). Figure 3 (a) shows two local maxima for P E 2 : one in the θ > 0 range when α B 77°and θ 25°, and the other in the θ < 0 range when α ⊥ 0°and θ −9°. We propose that the enhancement mechanisms occurring in each range are different. The impedance matching mechanism is an insignificant factor in the θ > 0 range because the gap width at the top of the slit, with low refractive index (air), is larger than that at the bottom of the structures, where there is a higher refractive index (GaAs) [2] . Instead, a nanoscale focusing mechanism is dominant in this case [7] . In addition, the highest values of E occur at α B , for the θ > 0 range. This indicates that greater optical enhancement tends to occur with light incident at α B not only in the case of vertical walls but also when structure sidewalls are tapered. However, a nanoscale focusing mechanism is not expected to take place over the θ < 0 range because the top slit width is smaller than the bottom. Here, the impedance matching mechanism is dominant. Plus, the highest values of E within the substrate occur over different ranges of taper and wave incident angles. This indicates that α B is inactive in the θ < 0 range. Figure 3(b) shows G as a function of the taper and incident wave angles, displaying significant overlap with the optical enhancement results and indicating that the sidewall angles and the incident angle of light have a small effect on the current density in the substrate, and that the optical enhancement is the dominant factor in the overall device weighted current enhancement, G.
RESULTS AND DISCUSSION
The θ > 0 ranges in Figs. 3(a) and 3(b) are comparable. This can be attributed to the fixed bases of the nanowires; hence, the current density in the substrate is almost constant. As a result, G does not change relative to E 2 in this range, confirming that the current density is unaffected by the taper angle in this range of sidewall angles. On contrary, in the θ < 0 range the current density is affected by the taper angle. Increasing the negative taper angle (away from zero) reduces the bases of the nanowires, therefore reducing the current density. This difference creates a small shift in the location of the G peak in the θ < 0 range. The maximum value of P E 2 is located at θ −9°; the maximum value of G is located at θ −4°. We deduce that any angle value in the θ < 0 range can enhance the incident electric field, but the same θ value does not necessarily enhance the weighted current density. However, the θ > 0 range always enhances both the local electric field and G. Therefore, any taper angle in the θ > 0 range has the potential to achieve a greater overall device performance than those in the θ < 0 range; this is fortunate, as it is easier to fabricate structures with positive sidewall angles versus negatively tapered or perfectly vertical sidewalls [7, 8, 40] . . Green-dashed lines in (a) and (b) illustrate the absolute maxima of P E 2 and G over the studied range, occurring when θ 25°. In addition, the red-dashed lines correspond to the local maxima of P E 2 and G at θ −9°and θ −4°, respectively.
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Vol. 36, No. 7 / July 2019 / Journal of the Optical Society of America B Figure 4 illustrates the relationships among P E 2 , G, and α. Generally, the structures with tapered sidewalls can increase P E 2 and G more significantly than the structures with vertical sidewall angles. These figures plot the taper angles that give the greatest enhancement as a function of α in the θ > 0 and θ < 0 ranges. As shown in Fig. 4(a) , for nanogratings with vertical sidewalls (θ 0, black line), P E 2 remains constant until the incident wave angle reaches α B , where there is a small peak. This indicates that the incident angle has a very small effect on the enhancement below α B for vertical sidewall structures. Beyond α B , the field intensity drops to zero due to the incident electromagnetic wave propagating with an angle less than the grazing angle (almost parallel to the grating surface). However, at θ −9°(red line), the highest enhancement occurs when the wave is at normal incidence. The negative taper angle corresponds to a smaller structural base, which has better optical impedance matching with the substrate, causing the increased enhancement. The enhancement becomes weaker as α increases. This is likely attributed to the fact that increasing α can reduce the exposed area of the substrate, allowing less light to transmit through the nanoslits. Beyond α 60°, the θ 0°a nd −9°curves behave similarly. In the case of θ 25°(green line), the trend is completely different.
P E 2 steadily increases as α increases to 30°. Beyond this, the intensity enhancement significantly increases until it reaches the peak at α B . The value of P E 2 at α B for θ 25°is ∼22% greater than the value at normal incidence for θ −9°and ∼120% greater than the value for the vertical wall structure. The peak is strong due to the Brewster effect and the tapered walls that focus the incident light into the substrate. Figure 4(b) is a plot of G as a function of α. In Fig. 3(a) , the peak value of P E 2 in the θ < 0 range is located at θ −9°.
However, in Fig. 3(b) , the peak value of G for θ < 0 occurs at θ −4°. As mentioned above, this was due to the reduction of the electrode base widths. At θ 25°, G reaches the highest value, ∼470, at α B , whereas it reaches ∼285 at θ −4°and normal incidence. This means the optimum G is nearly twice as large for θ > 0 than the optimal value in the θ < 0 range. This is due to the enhancement caused by the nanoscale focusing mechanism when θ > 0 [7, 8] . At θ 0°, G is nearly constant as α increases, until it reaches α B ; then, it drops to zero. However, for θ −4°, G decreases as α increases. Figure 5(a) illustrates the relationship of P E 2 as a function of the taper angle for the incident angles that produce the highest enhancement over each range. These values occur at normal incidence and α B :
P E 2 at α ⊥ (magenta line) in the θ < 0 range records the highest peak at θ −9°. This angle gives the optimized impedance match for this thickness, structure, and substrate. Then, P E 2 dips and rises again over the θ > 0 range. As the taper angle approaches 40 deg, P E 2 rises due to better nanofocusing for larger sidewall angles at normal incidence. On the other hand, P E 2 at α B (blue line) is nearly constant in the θ < 0 range. This trend could be attributed to the very small top opening between adjacent electrodes that could block a larger portion of the incident light f rom entering the nanoslit at α B . However, P E 2 increases over the θ > 0 range until it reaches the peak at θ 25°where the nanofocusing effect is optimized. For larger angles, P E 2 goes down because the incident light may more strongly reflect as the structures flatten. Figure 5(b) shows the correlation between G and the taper angle at the same ranges shown in Fig. 5(a) . Two peaks appear, located at θ 25°and θ −4°, belonging to the α B and α ⊥ curves, respectively. Figure 5 (a) shows a small difference between peak values over the positive and negative ranges of the sidewall angle. However, the difference becomes more significant for G over the same ranges, as seen in Fig. 5(b) . This means that optimizing P E 2 along with J can make a significant improvement to G and therefore the overall photodetector performance.
CONCLUSION
We numerically studied the effects of two factors, a tapered nanoslit sidewall angle and an incident wave propagation angle, on optical and current enhancements for plasmonic MSM PDs. Enhanced electric field intensity and total weighted optical enhancement were determined as a function of the taper and incident angles. Two mechanisms, nanoscale focusing and impedance matching, were described in this study as explanations for the resulting enhancements. The study showed primary peaks located in two taper angle ranges (θ > 0 and θ < 0) for light incidence at both Brewster and normal incident angles. The increase in enhancement for negative taper angles results due to the improved optical impedance matching for these geometries compared to those with perfectly vertical sidewalls. For positive taper angles, more light enhancement occurs in the substrate due to a nanofocusing effect. Compared to vertical wall structures, those with positive and negative taper angles resulted in more enhanced electric field intensity and total weighted optical enhancements. This is beneficial, as structures patterned via typical nanofabrication techniques tend to have an inherent sidewall taper, so these results provide insight into the resulting optical effects of true structure geometries.
In addition to the taper angle effects, the incident light angle further affects the overall device performance. The enhanced electric field intensity at the Brewster angle (α B 77°) for the optimum taper angle (θ 25°) increased ∼22% and ∼120% more than those measured for normal incidence (α ⊥ 0°) with an optimum negative taper angle (θ −9°) and for the vertical wall structure, respectively. In the case of θ 25°, however, the total weighted optical enhancement is ∼65% greater than for the optimal negative taper angle (θ −4°). It, in addition, is ∼120% greater than for the vertical sidewall structures.
This work shows that optimizing the taper angle about doubles the optical enhancement, and optimizing the incident angle almost triples the optical enhancement. These effects are not as large as varying other geometric parameters, such as gap width, which can increase enhancement by 300 times [27] ; electrode width, which can increase enhancement by about 5 times [22, 27] ; or electrode thickness, which can increase the enhancement by about 10 times [27] . Also, optimizing the RaleighWood anomaly by adjusting the period of the grating can improve absorption by about 5 times [9] . Nonetheless, since it is very difficult to fabricate structures with perfectly vertical sidewalls the results of this work are important, and additional improvement of 2 or 3 times can make a significant contribution to certain applications. These results will be valuable for designing plasmonic photodetectors, photovoltaic cells, and other nano-optics devices in which developers must consider more realistic nanoscale geometries with nonvertical sidewall angles.
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